Stable isotopes have been used to estimate migratory connectivity in many species. Estimates are often 12 greatly improved when coupled with species distribution models (SDMs), which temper estimates in 13 relation to occurrence. SDMs can be constructed using from point locality data from a variety of sources 14 including extensive monitoring data typically collected by citizen scientists. However, one potential issue 15 with SDM is that these data oven have sampling bias. To avoid this potential bias, an approach using 16
Introduction
data at pre-determined randomly-chosen survey locations, making the data representative of entire 84 populations. Therefore, data from organized bird monitoring programs is more suitable than presence 85 only data for developing SDMs to refine istopic assignments of migratory conenctivity. 86
In this paper, we demonstrate the use of SDMs to refine isotopic assignments of migratory connectivity in 87 Sora (Porzana carolina), Virginia Rail, and Yellow Rail (Coturnicops noveboracensis) using data 88 collected by citizen scientists and other participants in organized marsh bird monitoring programs and 89 feathers collected from individuals caught at autumn migration and wintering locations in the United 90
States ranging from Minnesota to Louisiana and South Carolina. We chose these three rail species, in 91 part, because they are elusive wetland birds that breed across a wide swath of North America, but are 92 poorly studied (Eddleman et al. 1988 ). The species are of concern because they stopover in highly 93 modified landscapes where wetland loss ranges 60-90%, and their populations are thought to be declining, 94 but are not clearly understood (Reid 1989, Case and McCool 2009, Ducks Unlimited Canada 2010, Dahl 95 isotopic signature of that location, was removed from each individual. Previously collected Yellow Rail 112 feathers from another project were included to increase sample size and these feathers were collected in 113
Missouri during autumn migration in 2013 and 2014. 114
Breeding Individuals 115
Sora, Yellow Rail and Virginia Rail were captured on foot during night using call broadcast lures and a 116 dipnet in late-June and July 2015 near Foam Lake, Saskatchewan, Canada (51.6601, -103.5538). Captures 117 began at dusk and ran until dawn. Similar to migrants, the first primary feather was removed from each 118
individual. 119
Laboratory 120
Feathers were cleaned with phosphate-free detergent and 2:1 chloroform methanol solution, rinsed them 121 in deionized water, and dried them at 50 °C for 24 hours. A total of 0.350 mg of material was weighed 122 into silver capsules (Elemental Microanalysis, part# d2302) and analyzed by coupled pyrolysis/isotope-123 ratio mass spectrometry using a thermo-chemical elemental analyzer (TC/EA) (Thermo Scientific) 124 interfaced to a Thermo Scientific Delta V Plus configured through a CONFLO IV for automated 125 continuous flow gas-isotope ratio mass spectrometer (CF-IRMS) at the Colorado Plateau Stable Isotope 126
Laboratory at Northern Arizona University. 127
Given that ~20% of the δ 2 H in feathers exchanges freely with ambient water vapor (Wassenaar & Hobson 128
2003), we analyzed feathers concurrently with three calibrated keratin standards (Keratin -SC Lot SJ 129 , and bioclimatic parameters. We chose these layers because they likely influence 153 precipitation, and thus stable isotope ratios across North America, as well as the distribution and 154 abundance of the three species we considered. We removed variables which were correlated (Pearson's 155 correlation coefficient >=75%, See Table S1 ). We constrained predictions to each species' summer range
Spatially explicit assignment of geographic origins 163
We used the methods and code of Van Wilgenburg and Hobson 2011 to perform our spatially explicit 164 isotopic assignments for each individual. Below is a summary of those methods. We used a likelihood- We did not find a significant difference between the median δ 2 H values in Yellow Rails among years 179 (ANOVA F = 0.11, df = 21, p = 0.91; Figure 2 ), suggesting that inter-annual variability in feather δ 2 H 180 was unlikely to be a significant source of variation for our analysis so we combined annual samples. We (δ 2 Hcorrected = -52.36 + 0.83[δ 2 Hprecipitation]). 183
For each feather we assessed the probability that any cell within the expected values was the origin of that 184 individual using a normal probability density function as follows: 185
Where ( * | ) represents the probability that a given cell (c) within the δ 2 HF isoscape represents a 187 potential origin for an individual of unknown origin (y*), given the expected mean δ 2 HF for that cell ( ) 188 from the calibrated δ 2 HF isoscape and the expected standard deviation ( ) of δ 2 HF between individuals 189 growing their feathers at the same locality. To assign probable breeding areas to samples within a 190 particular state, we summed the assignments from each feather sample in units of the number of rails with 191 origins consistent with a given pixel and converted to proportions to enable comparisons with other states, 192
which we report only in the supplementary material. For each individual we produced a surface of 193 spatially explicit probability densities (i.e., one surface per bird in a sample). We then incorporated the 194 prior probabilities from our SDM by applying Bayes's Rule (Van Wilgenburg and Hobson 2011). To 195 depict these origins across the entire sample size we assigned each feather to the base map individually by 196 determining the odds that any given assigned origin was correct relative to the odds it was incorrect. 197
Based on 3:1 odds that a given bird had originated from within the range we recorded the set of raster 198 cells that defined the upper 75% of estimated origins and coded them as 1, all others as 0. We choose 3:1 199 
Results

210
Captures 211
We captured 142 southbound autumn migrating and wintering rails across the southern U.S., and 79 212 breeding rails at a wetland complex in Saskatchewan, Canada. Sora comprised the bulk of migrant and 213 wintering samples (88%; 117 individuals; 8 states) followed by Virginia Rails (7%; 9 individuals; 2 214 states) and Yellow Rails (5%; 11 individuals; 2 states). Sora also comprised the bulk of breeder samples 215 (57%; 45 individuals) followed by Yellow Rails (38%; 30 individuals) and Virginia Rails (5%, 4 216 individuals). See Table S2 for more details. 217
Species Distribution Models 218
All three species distribution models fit the data (Homer-Lemeshow Goodness of Fit Test, Sora χ2 = 4.7, 219 df = 8, p = 0.7; Virginia Rail χ2= 4.7, df = 8, p = 0.7; Yellow Rail χ2= 4.4, df = 8 p = 0.8). The top 220 species distribution model for Yellow Rail contained mean temperature of driest quarter (β = -0.30, SE = 221 0.09, p = 0.002), mean temperature of warmest quarter (β = 0.28, SE = 0.14, p = 0.008), mean diurnal 222 range (mean of monthly (max temp-min temp)) (β = 0.60, SE = 0.16, p <0.001) and a significant 223 (Table S2 ), we do not 236 include comparison of breeding ground assignments among states, although for the interested reader we 237 include maps of these assignments in the supplementary material ( Figure S2, S3, S4) . 238
Discussion
239
We demonstrated the use of SDMs to inform isotopic assignments of migratory connectivity in wetland 240 birds, based on organized marsh bird monitoring program data collected by citizen scientists and other 241 participants. We found these data to be especially useful for this purpose for reasons related to sample 242 size, search effort, detection probability, and ease of obtaining data, which we elaborate further below. 243
Use of SDMs to refine isotopic assignments of migratory connectivity should be based on extensive 244 datasets through space and time. Such data are most easily obtained by researchers from citizen science 245 monitoring programs. These programs normally involve careful training of participants to follow well-246 established and tested field protocols that produce reliable data. They also typically engage impressive 247 numbers of participants to survey numerous locations throughout large portions of the range of 248 occurrence of species of interest. These characteristics produce datasets with large sample sizes that are 249 amenable for capturing the range of conditions and circumstances under which species occur, leading to 250 better predictions based on SDMs for refining isotopic assignments of migratory connectivity than from 251 isotopes alone. Some available datasets, however, are more useful or easier to implement than others for developing 257
SDMs. Like the programs that produced data for this paper, some monitoring programs pre-select survey 258 locations so they are representative of larger areas of inference, typically by using various randomization 259
procedures (e.g., Johnson et al. 2009 ). Many of these programs also record data regardless of whether 260 certain species were detected or not, following protocols specifically designed to maximize detections of 261 species of interest (e.g., Conway 2011). Such protocols include restrictions on the time of day and season, 262 type of weather, and the amount of background noise that is acceptable during surveys (e.g., Tozer et al. 263 2016) . They also include requirements on the minimum number of visits per survey location, and the total 264 duration of each survey, plus some use standardized call broadcasts to increase the probability of 265 detection of especially elusive species. All of these characteristics provide more reliable information on 266 the presence or absence or abundance of species of interest at a particular point. These programs, which 267 are dedicated to generating reliable, representative data on occurrences or counts of species across 268 specific areas of inference may be the best choice, when available, for developing SDMs to refine isotopic 269 assignments of migratory connectivity. 270
By contrast, monitoring programs that lack the standardized restrictions and guidelines noted above can 271 pose challenges for SDM development. This was shown by the additional bias-correction analysis that 272 because of the nature of eBird data it did not meet the assumption that presence data points were 276 randomly distributed (Yackulick et al. 2012) . While this flexibility is a major advantage of eBird and can cause challenges for SDM development (Yackulic et al 2012) . 279
Our SDMs might have provided better assignment resolution if finer-scale habitat covariates, especially 280 wetland cover, were available in a consistent format across Canada and the U.S. Our analysis might also 281 have been improved by simultaneously considering another isotope, such as Sulphur (δ 34 S). Some rails 282 use brackish or saline habitats during the breeding season, and this would be reflected in their δ 34 S feather 283 signatures, potentially helping to further refine assignments (Hobson et al. 2012 , Butler et al. 2016 ). The 284 incorporation of genetic information could have been beneficial, though currently, to our knowledge, such 285 information is not available for rails. 286
We combined isotopic signatures of the largest sample of autumn-migrating and wintering rails with 287
SDMs based on organized marsh bird monitoring data to produce the most extensive estimates of 288 migratory connectivity of three rail species currently available. We found that the migratory connectivity 289 of the three species included wide-ranging breeding areas, including more than one migratory game bird 290 flyway in the two hunted species-results useful for improving conservation of these poorly-studied 291 species-although additional work is needed to fully establish patterns. Extensive data from organized 292 citizen science monitoring programs are especially useful for improving isotopic assignments of 293 migratory connectivity in birds, which will ultimately lead to better management and conservation of 294 expected δ 2 Hfeather values using regional monitoring data in a species distribution model as an informative 465 prior. Each individual bird's assignment surface represents the area where the bird is like from with 3:1 466 odds and then those surfaces are summed to form the cumulative assignment for all individuals from that 467 species.
